Summary. Nineteen experimental phages were derived by mitomycin-C induction from methicillin-resistant strains of Staphylococcus aureus collected world-wide. They were assessed for their ability to distinguish isolates of a methicillin-resistant strain of S. aureus epidemic in the London area from other British strains, both sensitive and resistant to methicillin. The experimental phages were most active against strains of phage groups I11 and I + 111. One phage was related to the phages of lytic group I.
Introduction
Towards the end of 1982 it became apparent that a methicillin-resistant strain of Staphylococcus aureus had become epidemic in the London area. (Marples and Cooke, 1985; Ayliffe et al., 1986; Marples et al., 1986) . Subsequently this strain spread throughout the Thames Regions (National Health Service administrative divisions) and occasional isolates, usually associated with patient movement, were received from other Regions. This epidemic strain belonged to phage group 111, and although usually untypable at routine test dilution (RTD), was sometimes lysed strongly by phage 84 of the international set. At lOORTD the strain was lysed weakly by phage 85, and usually strongly by two reserve, non-specific phages, 88A and 932, used at the Central Public Health Laboratory, London.
This paper describes the extraction of phages from other methicillin-resistant strains of S. aureus isolated throughout the world and the evaluation of this phage set as an aid to the recognition of isolates of the Thames epidemic methicillin-resistant S. aureus (EMRSA).
Materials and methods

S . aureus strains
In response to a request sent to the national phage typing centres, 577 isolates of methicillin-resistant S. aureus were received from 27 countries. To help elucidate how many distinct strains had been included in the isolates received from each country, phage carried by all isolates from a country was spotted on to all other isolates from that country. A representative isolate ST84/5518, of the Thames EMRSA was included in every experiment. From these results, a pair of strains, one phage producing, and one lysed by that phage, was sought from each set of isolates received, Twenty-four pairs of strains were selected. In two cases a suitable "propagating strain" could not be found from within the set of isolates submitted from the same country as the phage-producing strain, so strains isolated in the UK were used. The initial selection process included equal numbers of potential phages which lysed, or did not lyse, the representative isolate of the Thames EMRSA strain.
Phage propagation
Free phage was produced by mitomycin C induction of the phage-producing isolate (de Saxe and Notley, 1978) . The induced culture was centrifuged to remove most bacterial cells and the phage-containing supernate sterilised by filtration through a 0.45 -pm Gelman filter.
This phage suspension was then titrated on to the phagesensitive propagating strain. Adaptation of the phage to this strain was continued through three single-plaque passages; the phage was then propagated to high titre in broth culture (Blair and Williams, 1961) or by the soft agar overlay method of Swanstrom and Adams (1951) . No attempt was made to minimise host modification.
Phages propagated to at least 100 times routine test dilution (100 RTD) and their propagating strains were given, for convenience, the next numbers in a departmental reference collection, e.g., CRF 616 and CRF 616PS; the phage and its propagating strain were then lyophilised, for long-term storage. Short-term storage was at 4°C. The stability of the phage at this temperature was assessed by sequential titrations during a 6-month period.
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The serological group and lytic spectrum (host range) of these phages were determined (Rippon, 1956 ).
Phage typing
The resulting phage set was tested against 547 unselected methicillin-sensitive strains of S. aureus received for routine phage typing over a 4-week period, 160 isolates of the Thames EMRSA, and 213 other methicillin-resistant strains of S . aureus from centres throughout the British Isles.
Phage typing was performed by standard methods; the phages were tested at RTD only (Blair and Williams, 1961). The purpose of this investigation was to develop a phage set to distinguish isolates of one particular strain of S. aureus, the Thames EMRSA, from isolates of similar strains; these new phages were, therefore, tested only against strains from centres in Britain. The results were assessed partly by inspection and partly by the use of a data analysis program on a microcomputer.
Results
Development ofphage set
Nineteen phages were propagated to a sufficiently high titre to be included in this trial (tables I and Table I . Sources and characteristics of experimental phages 11). These phages included phage 85 of the international set of S . aureus typing phages propagated on strain ST84/55 18, an isolate of the Thames EMRSA. The adapted phage was CRF 616. Also included were two phages, CRF 617 and CRF 624, derived from the prophage carried by the Thames strain propagated on two other distinct strains, NCTC 8325 and 1030. The phage from strain ST84/ 5518 was serological group F, and had a limited host range-6/7/3 1 /47/85. It underwent modification in both propagating strains. Phage 617, the phage resulting from growth of this prophage in strain NCTC 8325, which carries three prophages (Novick, 1967) and has at least two modification systems (Iordanescu and Surdeanu, 1976) , was of serological group B and had an increased host range (table 11) . Phage 624, the phage resulting from growth of the same prophage in strain 1030, an apparently prophage-free strain (Novick 1967) , was of serological group F but had a considerably reduced host range (strain 83A only) in comparison with the original prophage. Phage CRF 628, which also was propagated on strain 1030, showed a reduced host range compared with the other phages. ( Reduction in host range may, therefore, be a result of propagation in this strain. One strain, ST85/2077 carried two distinct phages; the large-plaque phage was named CRF 626, the small-plaque phage CRF 632. Four phages-619,621,624 and 628-were very unstable on storage at 4°C; with six other phages-626,630, 63 1,632,633 and 634-there was a tenfold reduction in titre after storage for 6 months at 4°C.
Activity of the phages on the test strains
The activity of the 19 phages against the 547 methicillin-sensitive strains is given in table I11 ; 173 strains were typable by these phages, 115 strongly (at least one + + reaction). The majority of typable strains (90) belonged to phage groups I11 or I+III. The lack of activity of these phages on strains of phage groups I1 and V was expected 
Activity of individual phages
The figure shows lysis by individual phages, expressed as a percentage of: all typable strains, methicillin-sensitive strains, isolates of the Thames EMRSA, and other British, methicillin-resistant strains. For each histogram, the phages selected originally for their ability to lyse the Thames strain, i.e., nos. 616, 618, 620, 621, 622, 627, 630 and 634, are to the left. The most active phages were nos. 616, 621, 622, 627, 630, 634, 617 and 626, all of which lysed > 50% of typable strains. An excess of activity of these phages could be seen on the other methicillin-resistant strains. Phages 623 and 625 acted relatively more frequently on methicillinsensitive strains. The activity of phage 625 within the methicillin-sensitive strains was, however, almost completely confined to strains of phage group I. Reactions with phages 623 and 625 were found in composite patterns within the other methicillin-resistant strains, as were reactions with phages 629, 631 and 633. The activity of phages 618,620 and 632 was spread through all groups of strains, but strong lysis by these phages was found more often in isolates of the epidemic strain, usually those with the primary phage type 84/85 & /88A/ 932. Phages 619, 624, 628 and 631 reacted infrequently and weakly. The reactions of phages 621, 627,632 and 633 were almost always weak. These eight phages, and phage 634, which was unstable and difficult to propagate, were excluded from any further set.
Lysis of the Thames EMRSA
A constant pattern of lysis by phages 616, 621, 622, 627, 630, 634, 617 and 626 was identified for isolates of the epidemic strain. Phage 626 had been selected as inactive on the Thames strain, but the parent strain contained two phages and so the activity of phage 626 on the epidemic strain may have been masked. Phage 61 7 was derived from an isolate of the Thames strain and had been modified by propagation on strain NCTC 8325. No activity of phage 623 and only a few, weak reactions of phages 625 and 629 on isolates of the Thames strain were recorded.
Reduction of the phage set
After inspection of the activities of the phages, and taking into consideration ease of propagation and stability, it was decided that 10 phages-616, 617, 618, 620, 622, 623, 625, 626, 629 and 630-might be used to distinguish isolates of methicillinresistant strains of S. aureus which did not derive from the Thames strain from those that did. A copositivity matrix (Pether, 1968) was constructed for the reactions of the ten selected phages at a + + level on the non-Thames strains of methicillinresistant S. aureus included in the test series (table  IV) . *Of the strains lysed strongly by phage 616, 69.1% were also lysed strongly by phage 617, the total number of strong reactions of phage 616 being used as the divisor; similarly of the strains lysed strongly by phage 617, 77.6% were also lysed strongly by phage 616, the total of strong reactions by phage 617 being used as divisor; calculations done similarly for other pairs of phages at + + (50 or more plaques) level. Analysis of typingpatterns and discrimination of the phage set
Methicillin -sensitive strains
Inspection of this matrix indicated that the activity of three phages-623, 625 and 629-was unrelated to that of the other seven phages. The percentages of strains lysed by pairs of the phages 616, 617, 618, 620, 622, 626 and 630 depended, to some degree, on which phage was considered first. For example, 25 of the 55 strains (45.5%) lysed strongly by phage 616 were also lysed by phage 630, but because only 31 strains in total were lysed strongly by phage 630, the co-positivity when phage 630 was considered first was 80.6%.
Isolates of the Thames EMRSA had patterns of lysis with the ten phages of 616/617/622/626/630, when the primary type was 85 f /88A/932, and 6161 61 7/61 8/620/622/626/630, when the primary type was 84/85 f /88A/932. These seven phages are also relatively active on strains other than the Thames EMRSA so it was considered that this pattern may be found in unrelated British methicillin-resistant S . aureus. This hypothesis was tested by two analyses.
(1) The probabilities were calculated that an isolate of the Thames strain would react with phages 616/ 617/622/626/630 at (a) any level and (b) strongly, and these figures were compared with those for strains of other, British, methicillin-resistant S . aureus by calculating the four co-positivity matrices, and, taking each phage in turn as first phage, calculating the possibilities of (a) and (b). An example of a calculation is given in table V. The four overall probabilities were obtained by averaging the individual probability calculations. (2) A microcomputer was programmed to select, from a file containing the experimental types of 180 of the 21 3 strains of other (non-Thames) methicillinresistant S . aureus, the strains which reacted (a) at any level, and (b) strongly, with the five phages-6 16/6 1 7/622/626/630-common to both experimental types of the epidemic strain.
In analysis (l), when isolates of the epidemic strain were considered there was a probability of 0.95 that any isolate of this strain would be lysed by all of the five phages, 616,617,622,626 and 630, at any level, and a probability of 0.64 that all these reactions would be at the + + level.
On testing the hypothesis by analysis (2), 28 strains were selected when the conditions set were reactions with phages 616, 617, 622, 626 and 630, at any level. If a strong reaction (+ + or better) with phage 623, 625 or 629 was taken as contraindicating that an isolate was of the Thames strain, four strains (one reacting with phage 625, one with phage 623 and two with phages 623 and 629) were excluded. With the remaining 24 strains, inspection of the primary phage type left doubt about relationship to the Thames strain on only one occasion. When selection of similar strains was restricted to those reacting strongly with the five phages, the number of similar strains was reduced to 17, including this one strain. Inspection of the primary data left doubt as to the status of this strain.
It appeared, therefore, that the activity of some of these phages was closely related, despite the diverse countries of origin and, although a pattern of lysis of isolates of the Thames EMRSA could be identified, this pattern was also found in apparently unrelated methicillin-resistant strains. However, when the complete phage-type of these strains was considered, the majority could be distinguished from the Thames strain.
Discussion
Strains of S . aureus are nearly always lysogenic, sometimes multiply so (Rountree, 1949 ; Rippon, 1954) . Recently, studies of strains prevalent in parts of Australia (Vickery et al., 1982 ; Beard-Pegler and Vickery, 1985) have indicated that phages derived from clinical strains still have a place in the investigation of local problems. Unlike the Australian workers, we selected our phage-producing and -propagating strains from as wide an area as possible, and, by choosing propagating strains solely for their susceptibility to phage, attempted to make our experimental phage set as "different" as possible. It is clear from table 111 that we were not successful in this; 18 of our phages were lytic group-I11 related. One, phage 625, was group-I related. This bias was intrinsic given the hospital origin of the strains from which the selection was made.
The international phage-typing set for S . aureus contains only two serological group-F phages, 77 and 84, so the preponderance of phages of this serogroup in this supplementary phage set was somewhat unexpected. However, a brief literature survey (Rountree, 1949; Porthouse, 1984; BeardPegler and Vickery, 1985) suggested that phages of this serological group are not uncommon.
It was encouraging that phages included because of their ability to lyse a representative isolate of the Thames EMRSA retained this ability after purification by single plaque passage and propagation to high titre on a phage-sensitive strain. Two additional phages, 617, derived from an isolate of the Thames strain, and 626, also showed activity on isolates of this epidemic strain. Presumably, phage 61 7 had undergone considerable modification by propagation on strain NCTC 8325, which possesses active restriction modification systems and is multiply lysogenic (Rippon, 1956; Iordanescu and Surdeanu, 1976) . Phage 626 was a large-plaque phage derived from the same strain as phage 632; the activity of a mixed phage preparation is never predictable.
The phages in this experimental set could, on their range of activity, be divided into two broad groups-those that tended to react with isolates of the epidemic strain and those that did not. The activity of phages within a group, however, remained associated when their activity on strains of other British, methicillin-resistant S . aureus was analysed. It would appear, therefore, that we developed a set of phages broadly belonging to group 111, but within this set we have subgroups, one centring on 61 7 and one centring on 629, whose activity is not closely related. Two phages, 624 and 628, both propagated on strain 1030, an extremely phage-susceptible strain, had so little activity that no conclusion except the inadvisability of using strain 1030 as a propagating strain, could be drawn for them.
An increase in relative activity of the phages non-reactive on the Thames strain could be seen when the typing results of other methicillinresistant and methicillin-susceptible strains were examined, but several strains in these two groups gave patterns of lysis similar to that of the epidemic strain. The results of co-positivity analysis (Pether, 1968) tended to confirm this somewhat pessimistic view; the pattern of lysis 616/617/622/626/630 was found for 95% of the Thames isolates examined, but too many (about 10%) of other methicillinresistant strains typable by this phage set, also gave this pattern of lysis. However when the phage types obtained with the experimental phages were used in conjunction with the primary types, most of these strains were clearly not the Thames strain. These phages, therefore, while providing a useful adjunct in the confirmation of the identity of individual isolates with the Thames strain, must not, by themselves, be used to define an isolate of this strain. Extended studies with a reduced set of these phages may help to clarify their usefulness.
